1. Introduction {#sec1-nanomaterials-07-00311}
===============

Doping rare earth (RE) ion luminescence centers (such as erbium) into the carrier of semiconductors is an important method to fabricate light-emitting and light amplifier devices \[[@B1-nanomaterials-07-00311],[@B2-nanomaterials-07-00311],[@B3-nanomaterials-07-00311],[@B4-nanomaterials-07-00311]\]. Efforts to enhance the visible and near-infrared luminescence of RE ions are on-going. It has been reported that oxygen co-doping and using wide band gap materials as the host material increased the Er luminescence intensity greatly \[[@B5-nanomaterials-07-00311],[@B6-nanomaterials-07-00311]\]. Therefore, ZnO is believed to have become a favorable option to host Er luminescence centers in recent years, as it meets the condition of being an oxide and has a wide band gap of about 3.3 eV. In addition, the controllable electrical conductivity and the robust physics characteristics of ZnO is suitable for the fabrication of high-temperature resistant, high-frequency, and high-power optoelectronic devices \[[@B7-nanomaterials-07-00311],[@B8-nanomaterials-07-00311],[@B9-nanomaterials-07-00311],[@B10-nanomaterials-07-00311]\].

However, the Er^3+^ luminescence in ZnO has not been satisfactory. In recent years, some experimental results show that nanocrystals could act as efficient RE sensitizers \[[@B11-nanomaterials-07-00311],[@B12-nanomaterials-07-00311]\], and the luminescence efficiency of Er^3+^ could be greatly enhanced by the introduction of nanocrystals through the recombination of photogenerated exitons in them and the subsequent energy transfer to Er^3+^. The addition of Si nanocrystals (nc-Si) in Er-doped materials has been investigated extensively \[[@B13-nanomaterials-07-00311],[@B14-nanomaterials-07-00311],[@B15-nanomaterials-07-00311]\]. Especially, the observation of about two orders of magnitude enhancement of the room temperature photoluminescence (PL) from Er-doped silicon (Si)-rich Si oxide has generated great interest to develop small-sized and Si compatible optical amplifiers \[[@B16-nanomaterials-07-00311]\]. Various Si nanostructures have been shown to have much larger PL intensity for Er than that of SiO~2~ as a host. These nanostructures include porous Si, Si nanocrystals (nc-Si) in silica matrixes, and Si/SiO~2~ superlattice \[[@B17-nanomaterials-07-00311],[@B18-nanomaterials-07-00311],[@B19-nanomaterials-07-00311]\]. In contrast with nc-Si, Ge nanocrystals (nc-Ge) have many properties (wide size-dependent emission tunability, larger Bohr radius, etc.), making them superior to nc-Si \[[@B20-nanomaterials-07-00311],[@B21-nanomaterials-07-00311]\]. Until now there have been several works on the synthesis of nc-Ge. Many methods, such as co-sputtering of Ge and SiO~2~, Ge ion implantation, and electron beam evaporation \[[@B22-nanomaterials-07-00311],[@B23-nanomaterials-07-00311],[@B24-nanomaterials-07-00311],[@B25-nanomaterials-07-00311]\], have been employed to fabricate nc-Ge embedded in a host matrix (about 100--300 nm thick). Although there have been a limited number of reports about Ge-doped ZnO thin film structures \[[@B26-nanomaterials-07-00311],[@B27-nanomaterials-07-00311]\], as far as we know no related research on the PL effect of Ge and Er co-doped ZnO (Ge:Er:ZnO) material has been carried out. In this paper, we investigate the PL properties of Ge:Er:ZnO film. X-ray diffraction (XRD) and transmission electron microscope (TEM) results prove that the diamond crystal of nc-Ge is formed by post-annealing. The 1.54 μm PL is greatly enhanced in a 600 °C annealed Ge:Er:ZnO sample, and it is considered that the PL enhancement may come from a joint effect of both the energy transfer from nc-Ge to Er^3+^ and the local environment change of Er^3+^.

2. Materials and Methods {#sec2-nanomaterials-07-00311}
========================

Ge:Er:ZnO films were prepared by co-sputtering Ge and ZnO:Er~2~O~3~ (Er \~0.06 at%) targets onto Al~2~O~3~ substrates. A ZnO:Er~2~O~3~ target of 7.6 cm diameter with several 5 mm× 5 mm Ge metal pieces were co-sputtered by radio frequency magnetron sputtering. In the current experiment, the Ge concentration was fixed to be about 4% in volume fraction. The deposition was carried out in an oxygen and argon mixed gas atmosphere (Ar/O~2~ = 2/5). The chamber pressure was maintained at a constant value of 0.7 Pa. After deposition, the film thickness was measured to be about 400 nm. Isochronal annealing of the films were performed for 20 min at temperatures from 400 up to 800 °C in N~2~ atmosphere. As comparison, the Er-doped ZnO (Er:ZnO) films without Ge were also deposited under the same experimental conditions. The crystallinity properties of the deposited films were characterized by X-ray diffraction (XRD). PL measurements were performed at room temperature using the 325 nm and 532 nm lasers to stimulate the visible and infrared PL signals, respectively, and a photomultiplier tube and thermo-electrically cooled InGaAs detector (DInGaAs1700-TE, Zolix, Beijing, China) were used to detect them.

3. Results and Discussion {#sec3-nanomaterials-07-00311}
=========================

Normalized diffraction XRD patterns of the as-deposited and annealed Ge:Er:ZnO films are demonstrated in [Figure 1](#nanomaterials-07-00311-f001){ref-type="fig"}. A well-defined peak, identified as the (002) ZnO diffraction line, is clearly observed in the diagrams, indicating that the basal planes of the hexagonal ZnO structure are preferentially oriented parallel to the substrate surface. This oriented growth begins to be noticeable in as-deposited film, and is enhanced as annealing temperature increases, as it can be deduced from the evolution of the width and intensity of the corresponding peaks with temperature. The broad width of pattern in 400--700 °C annealed samples reveals that ZnO has a polycrystalline structure. A sharp (002) ZnO diffraction peak is detected in 800 °C annealed sample, indicating a better crystalline orientation of ZnO film. Meanwhile, new diffraction peaks from the Zn~2~GeO~4~ structure and (101) ZnO are also observed from this sample. The results show that high-temperature annealing can cause the interaction between ZnO and Ge, and subsequently form a new structure. It is remarkable that a noticeable (111) diffraction line from Ge face centered cubic (fcc) diamond lattice can be found in all the annealed samples. This diffraction peak from crystalline Ge is most evident in 600 °C sample and become no longer apparent in samples annealed at higher temperature.

Visible PL spectra from annealed films are shown in [Figure 2](#nanomaterials-07-00311-f002){ref-type="fig"}. The broad spectra centered at 2.09, 2.13, and 2.25 eV are observed in these samples. It can be found that a PL peak appears in 600 °C annealed Ge:Er:ZnO sample and the intensity decreases after 700 °C annealing. Meanwhile the peak shifts from 582 to 593 nm. Several studies on nc-Ge-doped silica glasses have ascribed this intense PL around 2.2 eV to the existence of nanocrystalline Ge \[[@B28-nanomaterials-07-00311],[@B29-nanomaterials-07-00311],[@B30-nanomaterials-07-00311]\]. The red shift of the PL peak and broadening of the PL spectrum are attributed to the change of the average size of nc-Ge according to the quantum confinement effect. The results of 600 and 700 °C samples are consistent with this interpretation, and a detailed discussion is given later. The visible PL spectra may come from another emission source, that is, new defect states in ZnO originated from the incorporation of nc-Ge, as the defect-related band is clearly observed in a large set of undoped and doped ZnO layers \[[@B31-nanomaterials-07-00311]\]. It is shown in [Figure 2](#nanomaterials-07-00311-f002){ref-type="fig"} that a large PL intensity and blue shift of emission peak appears in 800 °C annealed sample. It can be found in [Figure 1](#nanomaterials-07-00311-f001){ref-type="fig"}f that an obvious structural change occurs in this film. Not only the orientation of the ZnO structure becomes better, but also a new structure is formed. The visible PL signal in 800 °C annealed film should be primarily related to the ZnO matrix defects, because with the increase in nano-particle size under high temperature, the quantum effect of nc-Ge becomes negligible.

To understand the quantum confinement effect in nc-Ge, Takagahara and Takeda proposed a theoretical explanation using the effective mass approximation and the Luttinger Hamiltonian. It was shown that a large red shift of the peak of PL spectra from visible to infrared region occurred as the nc-Ge diameter increased \[[@B32-nanomaterials-07-00311]\]. According to their calculation, the nc-Ge with a size of 2.1--2.3 nm contributed most to PL radiation in the energy range of 2.1--2.3 eV. The quantum confinement effect from nc-Ge became less pronounced when the dot radius was larger than 6 nm. This model provided a reasonable explanation for the visible PL of nc-Ge at \~2.2 eV, but the relation between the size of the nc-Ge and the energy range of PL was not supported by some experiments \[[@B33-nanomaterials-07-00311],[@B34-nanomaterials-07-00311],[@B35-nanomaterials-07-00311]\]. Many results showed that the shift of the peak energy of the PL spectrum was very small, or did not even depend on the average diameter of nc-Ge. Our experiments show that the energy of PL peak shifts only within a small range between 2.1 and 2.3 eV. It is similar as that of the above references, where the PL peak energy showed a constant energy at 2.0--2.1 eV when the sizes of nc-Ge were larger than 5 nm.

The Debye-Scherrer formula, *D* = 0.89λ*/B*cos*θ*, is firstly used to estimate the average size of the nc-Ge, where *D* is the diameter of the nc-Ge, λ is the wavelength of the X-ray, and *B* is the full width at half maximum (FWHM) of the X-ray diffraction peak at the diffraction angle (*θ*). The estimated diameter of nc-Ge for 600 °C and 700 °C samples correspond to 5.3 and 7.1 nm. The microstructure of the 600 °C sample is observed by high resolution transmission electron microscope (HRTEM) and the results are shown in [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}. From [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}a, it can be found that an amorphous ZnO layer grows near the substrate/Er:ZnO interface, then a polycrystalline Er:ZnO film with nc-Ge embedded in it is deposited. The FFT (fast Fourier transform) process is carried out to show the features of nc-Ge, which is shown in [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}a. The cubic lattice nc-Ge embedded in the hexagonal structure of the ZnO matrix can be clearly seen. The average size of the nc-Ge is about 5 nm, consistent with the estimation according to the XRD result. [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}d shows the size distribution of nc-Ge in the 600 °C annealed film, the majority of the nc-Ge is in the size of 4--6 nm. The calculated average size of them is about 4.9 nm, consistent with the results of the XRD and TEM. Several experiments have demonstrated that the visible nc-Ge PL phenomenon is consistent with the quantum confinement of electron-hole pairs between the widened band gap of nc-Ge. If Wannier excitons can be used to describe the quantum effect of nc-Ge \[[@B29-nanomaterials-07-00311]\], electron-hole pairs are supposed to be confined in an infinite spherical symmetry potential, the exciton Bohr radius $R_{B}$ is regarded as the critical size that distinguishes between two different situations of quantum confinement. Considering the actual size of the nc-Ge in the Er:ZnO film, a zeroth-order approximation asymptotic wave function of the exciton can be employed, where the electrons and holes are confined independently in the nc-Ge in radius *R*, and the energy can be given by:$$E_{nl} = E_{g} + \frac{\hslash^{2}}{2\mu_{e - h}}\left( \frac{\alpha_{nl}}{R} \right)^{2} - 1.786\frac{e^{2}}{\varepsilon R} - 0.248E_{R_{y}}^{*}$$ where *E~nl~* is the eigen value of energy; *E~g~* = 0.66 eV is a band-gap energy and $\alpha_{nl}$ is the eigen value of the zeroth-order spherical Bessel function; $\mu_{e - h}$ is the reduced mass for excitons, e is an electron charge, and $\varepsilon$ is the static dielectric constant of Ge. Exciton binding energy $E_{R_{y}}^{*}$ is about 1--2 meV. *R* is the radius of nc-Ge, and the relation of emission energy versus radius *R* of nc-Ge is given in [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}b. Referring to the radius of nc-Ge obtained by TEM, *R* = 2.5 nm, the lowest energy *E*~10~ = 2.2 eV can be obtained using Equation (1). This value is consistent with our visible PL result.

To investigate the affection of Ge on Er infrared PL in Er:ZnO film, the PL spectra from the as-deposited, 600 °C annealed Ge:Er:ZnO, and 600 °C annealed Er:ZnO sample without Ge doping are measured. The result is shown in [Figure 4](#nanomaterials-07-00311-f004){ref-type="fig"}a. It can be seen that the 1.54 μm emission of the samples without nc-Ge (as-deposited Ge:Er:ZnO and Er:ZnO films) are very low, indicating that the direct excitation of Er^3+^ is inefficient. However, this situation has been changed dramatically with the addition of nc-Ge, a strong Er^3+^ PL at 1.54 μm is observed from the 600 °C annealed Ge:Er:ZnO film. It provides an evidence for the enhancement effect of nc-Ge on 1.54 μm PL. This PL enhancement is closely related to the annealing conditions, as is shown in [Figure 4](#nanomaterials-07-00311-f004){ref-type="fig"}b. When the sample is annealed from 400 °C to 800 °C, the 1.54 μm PL firstly increases with temperature to a maximum at 600 °C, and then decreases.

The PL enhancement of Er^3+^ may be related to the energy transfer from nc-Ge to Er^3+^. [Figure 5](#nanomaterials-07-00311-f005){ref-type="fig"} shows the schematic diagram for the possible energy transfer from nc-Ge to the surrounding Er^3+^ ions. Accroding to quantum confinement theory, when the quantum dot size is smaller than its effective Bohr radius (24 nm for Ge), with the decrease of the size, the carrier (electrons, holes) movement will be limited which leads to the increase of kinetic energy and the discrete of energy levels. Taking 600 °C sample as example, it shows the best 1.54 μm PL among all the samples. The size of \~5 nm nc-Ge dominates the 600 °C sample, the quantum confinement effect encourages excitation of nc-Ge at \~2.2 eV, and this energy is resonant with ^4^S~3/2~-^4^I~15/2~ of Er^3+^. When external excitation is applied, excited nc-Ge can either give rise to the visible emission itself, or resonantly transfer energy to the nearby Er^3+^ ions and causes an energy level transition of ^4^I~15/2~-^4^S~3/2~. The excited intra-4f electrons of Er^3+^ ions then jump down to the first excited level ^4^I~13/2~ through a non-radiative relaxation and give 1.54 μm emission by following the de-excitation transition to the ground level ^4^I~15/2~. A large absorption cross-section of nc-Ge and resonant energy transfer from nc-Ge to Er^3+^ could make the 1.54 μm emission more efficient. As is shown in [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}a, the radius of nc-Ge in the 600 °C sample is mostly in the range of 2--2.5 nm, which corresponds to the emission energy between 2.2 eV and 3.2 eV, according to the calculated result shown in [Figure 3](#nanomaterials-07-00311-f003){ref-type="fig"}e. High-temperature treatment will cause the nc-Ge to grow to a larger size. When nc-Ge grows to be a larger cluster, the quantum confinement effect is less pronounced and energy transfer becomes weaker. This situation is consistent with the observation in the 600 °C and 700 °C samples. For the 800 °C sample, a decrease in the 1.54 μm PL may be due to two reasons: (1) the ZnO defect-related visible PL disperses partial energy of the direct 532 nm excitation, as high temperature induces the formation of larger Ge particles, which brings more grain boundaries and lattice dislocations in ZnO. New compounds, such as Zn~2~GeO~4~, also appear to act as defects in ZnO. All of them consume the excitation power; and (2) the decrease of the effective nc-Ge number, since high temperature not only promotes the formation of new compounds, but also part of Ge may exist in the ZnO film as Ge~2~O~3~ or Ge~2~O~3~-like precipitates. Both processes mean the depletion of nc-Ge. In addition to the energy transfer mechanism, changes in the local environment of Er^3+^ ions may also play an important role in luminescence enhancement. Our PLE spectra results show that, compared to the sample without Ge dopants, both the energy transfer from the ZnO host and direct excitation of Er^3+^ are more efficient in the nc-Ge-containing film, and the overall luminous efficiency is much higher in it. This indicates that the local environment of 4f states of Er ions has been modified by the formation of nc-Ge (1.54 μm photoluminescence enhancenment of Er^3+^-doped ZnO films containing Ge nanocrystals: joint effect from the Er^3+^ local environment changing and energy transfer of nc-Ge, Photonics Research, to be published). It has been reported that lowering of the symmetry of the crystal field around Er^3+^ is more suitable for Er intra-4f transitions \[[@B36-nanomaterials-07-00311]\]. The existence of nc-Ge may strongly affect the local environment of Er and enhances its transition rates. This could be another reason causing the 1.54 μm PL enhancement in Ge and Er co-doped ZnO.

4. Conclusions {#sec4-nanomaterials-07-00311}
==============

In conclusion, 1.54 μm PL is enhanced in annealed Er:ZnO and Ge co-sputtered film. Nc-Ge is formed after annealing at a temperature above 400 °C. According to the exciton quantum model, visible PL at \~2.2 eV is mainly from the quantum confinement effect of nc-Ge at a size of 5--6 nm. It is found that the formation of nc-Ge could greatly enhance the 1.54 μm emission, the PL enhancement may come from a joint effect of both the energy transfer from nc-Ge to Er^3+^ and the local environment change of Er^3+^.
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